Aims/hypothesis. Type 2 diabetes mellitus is characterised by heightened inflammation and endothelial dysfunction. Moderate alcohol intake has been associated with a reduced risk of cardiovascular disease in Type 2 diabetic patients. It remains to be determined whether there is an association between alcohol and inflammation in individuals with diabetes. Methods. We investigated the relationship between alcohol intake and inflammation in 726 of 18,159 men who returned blood samples in the Health Professionals Follow-up Study and had confirmed Type 2 diabetes at blood draw. Results. In age-adjusted analyses, alcohol intake was associated with lower levels of HbA 1 c, fibrinogen, soluble tumour necrosis factor receptor-2 (sTNF-R2) and soluble vascular adhesion molecule-1 (sVCAM-1), and with higher levels of HDL cholesterol and adiponectin (p value for trends <0.05). After adjustment for age, HbA 1 c, insulin use, fasting status, smoking, BMI, physical activity, aspirin use, prevalence of cardiovascular disease and dietary factors, each additional drink per day was related to increased HDL cholesterol (0.053 mmol/l, p<0.0001) and adiponectin (0.8 µg/ml, p=0.01), and decreased sTNFR-2 (73 pg/ml, p=0.03), fibrinogen (0.302 µmol/l, p=0.02) and sVCAM-1 (33 ng/ml, p=0.02). The relationship between alcohol and inflammatory biomarkers persisted when subjects were stratified according to HbA 1 c levels. Conclusions/interpretation. Moderate alcohol intake may have a beneficial effect on markers of inflammation and endothelial dysfunction in Type 2 diabetic patients.
Introduction
Type 2 diabetes mellitus appears to have a strong inflammatory component [1] . Plasma levels of C-reactive protein (CRP) [1] , interleukin-6 (IL-6) [1, 2] , TNF-α [2] , fibrinogen [3] , soluble cell adhesion molecules [4] and other systemic markers of inflammation [5] have been found to be significantly elevated in patients with Type 2 diabetes. Adiponectin, which has insulinsensitising [6] and anti-inflammatory [7] properties, has been reported to be independently associated with a reduced risk of Type 2 diabetes [8] . These findings suggest a potential link between insulin resistance and markers of inflammation and endothelial dysfunction.
Moderate alcohol consumption has been associated with a reduced risk of cardiovascular disease (CVD) [9] and Type 2 diabetes [10] . Moderate alcohol consumption has been linked to reduced cardiovascular risk in Type 2 diabetic patients [11, 12, 13, 14, 15] ; this beneficial effect is greater in diabetic individuals than in non-diabetic individuals [14] , producing a 34% to 79% reduction in the risk of CHD [15] . Investigations into the mechanisms responsible for this association have focused primarily on lipid metabolism [16] , coagulation, fibrinolysis [17] and insulin sensitivity [18] . However, the pathways by which alcohol influences the cardiovascular system are not entirely clear.
Moderate alcohol consumption was recently found to be associated with reduced levels of inflammatory biomarkers [19, 20] and with improved endothelial function [21, 22] . However, no previous study has examined the associations between alcohol intake and plasma markers of inflammation and endothelial dysfunction in diabetic patients. The aim of the present study was to examine these relationships in diabetic men enrolled in the Health Professionals Follow-up Study (HPFS).
Subjects and methods
Population and diabetes definition. The HPFS is a prospective cohort study of 51,529 US male health professionals who were aged between 40 and 75 years at study initiation in 1986. The cohort is followed using biennial mailed questionnaires that focus on various lifestyle factors and health outcomes. Between 1993 and 1994, 18,159 study participants provided blood samples by overnight courier. Of the participants who returned blood samples, 730 had a confirmed diagnosis of Type 2 diabetes (as reported on a supplementary questionnaire sent to all men who reported a diagnosis of diabetes). Confirmation of diabetes required at least one of the following [23]: (i) fasting plasma glucose ≥7.8 mmol/l, random plasma glucose ≥11.1 mmol/l and/or plasma glucose ≥11.1 mmol/l after ≥2 h during an OGTT plus at least one classic symptom (excessive thirst, polyuria, weight loss or hunger); (ii) no symptoms, but at least two elevated plasma glucose concentrations (by the above criteria) on different occasions; or (iii) treatment with hypoglycaemic medication. The validity of self-reported diabetes using the supplementary questionnaire was confirmed in 97% of cases [24] . The participants provided written informed consent to be included in the study and all investigations were approved by the institutional review board ethics committee.
Assessment of diet and alcohol. Average nutrient intake was derived from the validated semiquantitative food frequency questionnaire administered in 1994 [25] . Standard portion sizes for alcoholic drinks were specified as a can/bottle or glass for beer, a glass of wine containing 11 g alcohol and one drink or shot for liquor. In a validation study within the HPFS, the correlation between the alcohol intakes reported in the food frequency questionnaire and the average of two 1-week diet records was 0.86 [26] .
Blood collection. Each interested participant was sent a blood collection kit containing instructions and needle supplies. Blood samples were collected in three 10-ml liquid EDTA blood tubes, placed on ice packs stored in styrofoam containers and returned to our laboratory via overnight courier; over 95% of the samples arrived within 24 h. After receipt, the chilled blood was centrifuged, aliquotted into plasma, erythrocytes and buffy coat, and stored in continuously monitored nitrogen freezers at temperatures no higher than −130°C. We requested information on the date and time of the blood sample drawing and the time elapsed since the preceding meal to identify nonfasting (>8 h) subjects.
Laboratory methods. All assays were performed in the laboratory of N. Rifai, which is certified by the National Heart, Lung and Blood Institute/Centers for Disease Control and Prevention Lipid Standardization Program. All the methods except the ELISA and RIA used the Hitachi 911 analyzer (Roche Diagnostics, Indianapolis, Ind., USA). Measurement of HbA 1 c was based on turbidimetric immunoinhibition using haemolysed packed red cells. The intra-assay CV of measurements of percent HbA 1 c was <3.0%. Levels of soluble TNF receptor-2 (sTNF-R2), soluble intercellular adhesion molecule-1 (sICAM-1) and soluble vascular adhesion molecule-1 (sVCAM-1) were measured using ELISA kits from R&D systems (Minneapolis, Minn., USA) with mean CVs of 4.1, 7.4 and 9.2% respectively. The sTNF receptors are produced by the proteolytic cleavage of TNF cell surface receptors following induction by TNF or other cytokines such as IL-6, IL-1β or IL-2. They have a longer half-life than TNF and are detected with a higher sensitivity [27] . Similarly, the soluble adhesion molecules are derived from the proteolytic cleavage of the ectodomain of the adhesion molecules. Levels of high-sensitivity CRP and fibrinogen were measured using immunoturbidimetric assays with CVs of 1.8 and 1.2% respectively. Adiponectin was measured by a RIA from Linco Research (St Louis, Mo., USA) with a CV of <9.3%.
Concentrations of total cholesterol, triglycerides and HDL cholesterol were analysed simultaneously using enzymatic assays with CVs of 1.7, 1.8 and 2.5% respectively. Levels of LDL cholesterol was determined by a homogenous direct method (Genzyme, Cambridge, Mass., USA) with a CV of <3.1%. Apolipoprotein B 100 (apoB 100 ) was measured by an immunoturbidimetric technique (Roche Diagnostics) with a CV of 4.3%. Lipoprotein a (Lp[a]) was assessed by a latexenhanced immunoturbidimeteric method (Denka Sieken, Tokyo, Japan) with a CV of 2.6%.
Data analysis. After excluding two men with missing alcohol intake data and two men who consumed above 70 g of alcohol per day (above the 98th percentile), 726 men with prevalent Type 2 diabetes remained in the analyses. The men were divided into five categories of alcohol intake: non-drinkers, 0.1-4.9, 5-14.9, 15-24.9 and 25-70 g/day. The glycaemic index of the diet was calculated by using glycaemic index values for individual foods. The glycaemic load was calculated by multiplying the grams of carbohydrate in each serving by its glycaemic index value. Each unit of dietary glycaemic load represents the equivalent of 1 g of carbohydrate from pure glucose.
We used general linear models to determine the geometric mean levels and percentages of the population characteristics and plasma biomarker levels across the alcohol groups. The p value for trend was assessed by the weighted regression of the median value of each of the alcohol groups. We used linear regression models to assess the parameter estimates (β coefficients) for an increment in alcohol intake of 12.5 g/day (average portion size). In multivariable models we controlled for age, HbA 1 c (quintiles), insulin use, fasting status (less or more than 8 h), smoking (current, past, never), BMI (continuous), physical activity (metabolic equivalent task per week [MET], quintiles), aspirin use and prevalence of CVD. We further controlled for dietary score [28] , which is the sum of the quintile values of cereal fibre and the ratio of polyunsaturated : saturated fats in ascending order, and trans fats and glycaemic load in descending order. We repeated our regression analysis including alcohol source as three continuous variables, which were computed as follows: 12-oz can of beer = 12.8 g alcohol, 4-oz glass of wine = 11 g alcohol and one drink of spirits = 14 g of alcohol [29] . A p value of less than 0.05 was considered significant. All statistical analyses were performed with SAS statistical software (Version 8.0; SAS Institute, Cary, N.C., USA).
Results
The study participants predominantly had a light-tomoderate intake of alcohol. In 1994, 259 (36%) participants abstained from alcohol. The median alcohol intake was 3.4 g/day in 1986 and dropped to 2.8 g/day in 1990 and in 1994.
The baseline characteristics of the men are shown in Table 1 . Diabetic men who drank more alcohol were more likely to smoke and to use aspirin and cholesterol-lowering medications, and were less likely to use insulin. Alcohol intake was related to higher fat and lower carbohydrate intake, dietary glycaemic load and glycaemic index. Table 2 shows age-adjusted mean levels of biomarkers across the alcohol categories. Alcohol intake was associated with lower levels of HbA 1 c, sTNFR-2, fibrinogen and sVCAM-1, and higher levels of HDL cholesterol and adiponectin. Increased levels of total cholesterol were mostly driven by HDL cholesterol. There were no significant differences in triglycerides, CRP or sICAM-1 levels across the alcohol groups.
When modelled as a continuous variable, an increment of one drink per day (Table 3 ) was related to an increase in HDL cholesterol (0.053 mmol/l, +5% as compared to the mean levels of the abstainers) and adiponectin (0.8 µg/ml, +6%), and a decrease in sTNFR-2 (70 pg/ml, −2%), fibrinogen (0.302 µmol/l, −2%) and sVCAM-1 levels (33 ng/ml, −2%). The β coefficients did not change substantially in multivariable models or after additional adjustment for aspirin use, dietary score or triglycerides. Further adjustment for HDL cholesterol substantially attenuated the relationship between alcohol and adiponectin (β=1.99, p=0.47).
To investigate whether levels of glycaemic control modified the association of alcohol with inflammatory biomarkers we divided the men into two groups according to their HbA 1 c levels, applying a cut-off value of 7% (Fig. 1) . The relationship between alcohol and inflammatory biomarkers persisted in both subgroups (p value for interaction >0.05 for all biomarkers). Repeating the analyses after stratifying the subjects according to obesity or smoking status revealed similar associations (data not shown). In stratified analysis, significant associations between alcohol intake and levels of fibrinogen, sTNFR-2 and sVCAM-1 were only observed among the 426 non-users of aspirin (p value for trend <0.05) and not among those who used aspirin on a regular basis (5 times per week or more). However, tests for interactions were not statistically significant. In our cohort, 327 diabetics reported drinking wine, 233 drinking beer and 295 drinking spirits, all in different combinations. In multivariate analysis including three types of alcoholic beverages simultaneously in the model, we examined the association between alcohol from wine, beer or spirits and plasma concentrations of HDL cholesterol, sTNFR-2, fibrinogen, sVCAM-1 and adiponectin (Table 4) . In general, all three sources of alcohol were associated with increased levels of HDL cholesterol and adiponectin, and decreased levels of sTNFR-2, fibrinogen, and sVCAM-1. Although the strength of the association varied with the beverage type and biomarker studied, our results do not indicate that one source of alcohol is consistently superior to the others. 
Discussion
Moderate alcohol consumption was associated with reduced levels of TNF-α, fibrinogen and sVCAM-1, and increased levels of adiponectin and HDL cholesterol in men with Type 2 diabetes. These observations remained significant after further adjustments for cardiovascular risk factors and glycaemic control. Moderate alcohol intake was not associated with triglycerides in this population. Some of the limitations associated with the present study warrant consideration. Firstly, the cross-sectional design does not enable determination of causality. For example, alcohol intake was associated with lower levels of HbA 1 c and a lower proportion of insulin use. It is possible that diabetic men who had better glycaemic control were more likely to drink alcohol, in which case the observed associations would be more likely to be driven by the better health condition of these individuals. However, the associations persisted after adjustment for glycaemic control, and the benefits were similar in the two subgroups divided according to HbA 1 c levels. Secondly, alcohol intake assessment was estimated based on self-reports and may have been underestimated. However, the questionnaire has been previously validated and, as expected, alcohol intake was positively associated with HDL cholesterol levels in this study [26] . Thirdly, we could not distinguish between binge drinking and regular drinking and could not explore the effect of an alcohol intake of more than 70 g/day in our population. Finally, the HPFS does not represent a random sample of US diabetic men; however, the relative socio-economic homogeneity of this population tends to reduce the impact of residual and unknown confounding factors.
Type 2 diabetes is associated with increased blood concentrations of inflammation markers [1, 2, 3, 4, 6, 8] , which are known to predict the risk of future CVD [30] . A long-term cytokine-mediated acute-phase reaction could provide a mechanism for many of the abnormalities observed in Type 2 diabetes, including those in blood clotting, the reproductive system, metal ion metabolism, psychological behaviour and capillary permeability [2] . In addition to the assocition with HDL cholesterol, alcohol intake was also associated with markers of inflammation and endothelial dysfunction, such as TNF-α, fibrinogen, sVCAM-1 and adiponectin. TNF-α is a cytokine that binds LDL cholesterol to endothelium and smooth muscle and increases the transcription of the gene encoding the LDL receptor. It modifies foam cell formation and several inflammatory products, contributing to the onset of atherosclerosis [31] . Fibrinogen, which is correlated with glycosylated haemoglobin and microalbuminuria [32] , is known as an acute phase reactant. Increased levels of sVCAM-1, which mediates the adhesion and transmigration of leucocytes to the vascular endothelial wall, are associated with an increased risk of cardiovascular mortality in Type 2 diabetes [33] . Adiponectin, an adipocyte-derived protein, is strongly associated with HDL cholesterol [34] . Adiponectin gene location has been mapped to a diabetes-susceptibility locus [6] , and the molecule has direct anti-inflammatory effects [7] . The positive association between alcohol and adiponectin may be mediated through HDL cholesterol, since adjustment for HDL cholesterol was shown to attenuate this relationship in the present study.
Although the reduction in each inflammatory marker is relatively small, the cumulative effects of alcohol on endothelial function may be substantial. In metabolic studies, the effects of alcohol on HDL cholesterol have also been reported to be relatively small; however, a large reduction in CHD risk has been observed with moderate alcohol intake [9] . This suggests that multiple mechanisms may account for the protective effects of alcohol. The observed effects of alcohol on HDL cholesterol in diabetic men in our study are comparable to those previously seen in the general population in metabolic studies [9] . It is difficult to compare the effects of alcohol on the multiple inflammatory markers assessed in our diabetic population with those in non-diabetic individuals because little data are available. However, in a previous study of healthy men [20] , moderate alcohol consumption was associated with a modest reduction in α1-globulins and leucocyte levels. CRP has emerged as a powerful marker of endothelial dysfunction and may have a pro-atherogenic effect on the vascular wall by inducing adhesion molecule expression in endothelial cells [35] . In non-diabetic individuals, moderate alcohol intake has been associated with decreased CRP levels [19, 20] . We observed a 12% reduction in CRP levels in subjects in the highest category of alcohol consumption (25-70 g/day), but this was not statistically significant. These results suggest that alcohol may have a smaller effect on CRP levels in diabetic subjects than in non-diabetic individuals. Furthermore, analyses performed following the stratification of patients according to levels of glycaemic control or use of insulin or aspirin did not reveal appreciable effect modification. However, since the median alcohol intake of the diabetic men (2.8 g/day) was only half that of the healthy men in the HPFS (7 g/day), our ability to observe the effects of heavier alcohol consumption on CRP may be somewhat limited.
No consistent pattern emerged to suggest that one beverage is superior to the others. It appears that wine is more strongly associated with adiponectin than beer or spirits, but the associations with HDL cholesterol, fibrinogen and sTNFR-2 are stronger for beer than wine. In a previous epidemiological analysis of diabetic men in the HPFS, we found that different types of alcoholic beverages conferred similar benefits on the incidence of CHD [14] .
The suggested benefits of alcohol consumption are limited to moderate levels of intake. The potential risks of alcohol in diabetic patients have recently been reviewed [15] . In diabetic patients, alcohol may induce hypoglycaemia, especially during prolonged fasting or in the presence of sulphonylurea medication [36] . However, the same study revealed no alteration of glucose homeostasis in diabetic patients who consumed a moderate amount of alcohol with meals. Although heavy drinking is associated with diabetic neuropathy and retinopathy, moderate alcohol intake poses little risk of these complications.
In conclusion, moderate alcohol consumption is associated with significantly lower levels of inflammatory and endothelial markers in diabetic men. These associations may partly explain the previously observed inverse association between alcohol and CHD in diabetic patients.
